Introduction {#Sec1}
============

Hepatocellular carcinoma (HCC) is one of the most common human malignancies as well as one of the leading causes of cancer related mortality worldwide^[@CR1]^. Major risk factors for HCC development, include chronic infection of hepatitis B/C viruses, alcohol consumption, and aflatoxin intake^[@CR2]^. The close association between HCC and chronic hepatitis is well established according to etiological studies, and approximately 80% HCC patients have hepatitis history^[@CR3]^. Many genetic and epigenetic changes have been associated with the development and progression of HCC, such as activation of oncogenes *CHD1L*^[@CR4]^ and *SPOCK1*^[@CR5]^, and inactivation of tumor suppressor genes *TAT*^[@CR6]^ and *OSGIN1*^[@CR7]^.

Previously, RNA sequencing (RNA-Seq) was applied to identify genetic alterations between three pairs of HCC tumor and corresponding nontumor samples^[@CR8]^, and overexpression of PIM kinase family members (including *PIM1*--*PIM3*) were observed in HCC tumor tissues, among which *PIM2* was the most significantly upregulated one. It has been demonstrated that TNFα and IL-6 played pivotal roles in inflammation induced HCC in genetic modified and dietary obesity mouse models^[@CR9]^. Further studies found that the expression of *PIM2* could be regulated by various growth factors and cytokines, including TNFα and IL-6^[@CR10]--[@CR12]^. Therefore, we hypothesize that PIM2 may play an important role in inflammation induced hepatocarcinogenesis.

*PIM2* proto-oncogene belongs to a serine/therine kinase family that was firstly identified as proviral insertion site in moloney murine leukemia virus infection-induced lymphoma in mouse models in the 1980s^[@CR13]^. In the present study, *PIM2* was found frequently upregulated in HCCs and *PIM2* upregulation was significantly associated with HCC recurrence and poorer prognosis. Both in vitro and in vivo functional assays demonstrated the oncogenic ability of PIM2, and the underlying molecular mechanism was also revealed.

Material and methods {#Sec2}
====================

HCC clinical samples and cell lines {#Sec3}
-----------------------------------

A total of 134 paired HCC specimens (tumor and paired adjacent nontumor tissues) were obtained from patients who underwent hepatectomy from HCC at Sun Yat-Sen University Cancer Center (Guangzhou, China). Two immortalized hepatocyte cell lines and HCC cell lines used in this study have been described previously^[@CR8],[@CR14]^. All cell lines were tested for the absence of mycoplasma contamination and authenticated by morphologic observation (MycoAlert, Lonza, Switzerland) 3 months ago. See the [Supplementary Materials](#MOESM1){ref-type="media"} and Methods section for details.

Plasmid constructs and lenti-virus transduction {#Sec4}
-----------------------------------------------

Full-length of human *PIM2* gene was PCR amplified and cloned into pLenti6/v5-D-topo expression vector (Invitrogen) according to manufacturer's instructions. *PIM2* containing lenti-virus was then stably transduced into HCC cell lines by blasticidin selection. Empty vector transduced cells were used as controls. Two short hairpin RNAs (shRNA) specifically targeting on *PIM2* or specifically targeting on *RIPK2* were cloned into pLL3.7 lenti-viral vector. HCC cell lines were transduced with shRNAs to establish stable knockdown cell lines. See the [Supplementary Materials](#MOESM1){ref-type="media"} and Methods section for details.

Flow cytometry {#Sec5}
--------------

Cells were treated with 5-FU or cisplatin for 48 h and were collected for flow cytometry analysis after staining with Annexin-V--fluorescein isothiocyanate and propidium iodide (PI) using the Annexin-V--Fluos Staining Kit (Roche).

Immunofluorescence (IF) staining and confocal microscopy {#Sec6}
--------------------------------------------------------

Cells were transiently transfected with Flag-tagged PIM2, and 48 h later, cells were fixed, permeabilized, and blocked. Primary antibodies were incubated at 4 °C overnight, then cells were thoroughly washed and followed by incubation with secondary antibodies. The nuclei was stained with DAPI Invitrogen, CA). Images were captured using a confocal laser scanning microscope (Zeiss LSM510 META). See the [Supplementary Materials](#MOESM1){ref-type="media"} and Methods section for detailed experimental procedures.

Functional assays {#Sec7}
-----------------

See the [Supplementary Materials](#MOESM1){ref-type="media"} and Methods section for detailed experimental procedures of in vitro and vivo functional assays.

RNA extraction and qRT-PCR {#Sec8}
--------------------------

Total RNA was extracted using the TRIZOL Reagent (Invitrogen) and reverse transcription was performed. The cDNA was subjected to quantitative real-time PCR (qRT-PCR) using the SYBR Green PCR Kit (Applied Biosystems, Carlsbad, CA). The relative levels of expression were quantified and analyzed. See the [Supplementary Materials](#MOESM1){ref-type="media"} and Methods section for detailed experimental procedures and the primer sequences.

Antibodies and western blotting {#Sec9}
-------------------------------

Western blot analysis was performed according to the standard protocol. Information of the antibodies for Western blot is listed in the [Supplemental Materials](#MOESM1){ref-type="media"} and Methods.

Dual-luciferase reporter assay {#Sec10}
------------------------------

To evaluate activity of NF-κB signaling pathway, 100 ng of pNFκB-Luc and 20 ng of Renilla luciferase reporter plasmids were transiently co-transfected into cells seeded in 96-well white plates (SPL, Gyeonggi-do, Korea). Forty-eight hour after plasmids transfection, the transfected cells were lysed and luciferase activity was assessed by the Dual-Glo Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA).

IHC and H&E staining {#Sec11}
--------------------

IHC and H&E staining were performed as previously described^[@CR8]^. Information of the antibodies for IHC staining is listed in the [Supplemental Materials](#MOESM1){ref-type="media"} and Methods.

Migration and invasion assays {#Sec12}
-----------------------------

See the [Supplementary Materials](#MOESM1){ref-type="media"} and Methods section for detailed experimental procedures of in vitro and vivo metastasis assays.

Drug sensitivity assays {#Sec13}
-----------------------

Cells were seeded in 96-well plates at a density of 5 × 10^3^ cells per well. After 48 h treatment using the chemotherapeutic agent cisplatin or 5-FU at different concentrations, cell viability was detected by XTT Cell Proliferation Assay (Roche Diagnostics). The data represent three independent experiments.

Statistical analysis {#Sec14}
--------------------

See the [Supplementary Materials](#MOESM1){ref-type="media"} and Methods section for details.

Results {#Sec15}
=======

PIM2 is frequently upregulated in HCC patients and correlated with poor prognosis {#Sec16}
---------------------------------------------------------------------------------

In the present study, expression of *PIM2* was compared between tumor and corresponding adjacent nontumor tissues by qRT-PCR in 134 primary HCCs. The average ΔCt value of *PIM2* in HCC tumor tissues was significantly lower than that in nontumor tissues (*P* \< 0.001, paired Student *t* test, Fig. [1a](#Fig1){ref-type="fig"}), indicating that the relative expression level of *PIM2* was dramatically higher in tumor tissues. Upregulation of *PIM2* (defined as \>2-fold increase in tumor tissues compared with paired nontumor tissues) was detected in 73/134 (54.5%) of HCCs (Fig. [1b](#Fig1){ref-type="fig"}). Upregulation of PIM2 in protein level was detected in 9/16 (56.3%) of HCC cases by western blot analysis (Supplementary Fig. [S1A](#MOESM1){ref-type="media"}), and confirmed by IHC staining (Fig. [1c](#Fig1){ref-type="fig"}). Expression levels of PIM2 in two immortalized hepatocyte cell lines (MiHA and LO2) and 11 HCC cell lines were also detected by western blot analysis (Fig. [1d](#Fig1){ref-type="fig"}).Fig. 1PIM2 is frequently upregulated in HCC patients.**a** Relative expression of PIM2 in 134 pairs of paired HCC tumor and nontumor tissues detected by qRT-PCR. **b** Ratio of PIM2's relative expression level between paired HCC tumor and nontumor tissue. Upregulation or downregulation are defined as more than twofold change. **c** Representative image of IHC staining of PIM2's expression in paired HCC tumor and nontumor tissue. Original magnification, ×400. **d** Expression of PIM2 in HCC cell lines detected by Western Blot. **e** Kaplan--Meier overall survival curve and **f** disease-free survival curve of HCC patients correlated with the expression of PIM2. PIM2 (+), patients with PIM2 upregulation; PIM2 (−), patients without PIM2 upregulation.

Clinical significance of PIM2 upregulation in HCC patients {#Sec17}
----------------------------------------------------------

To analyze the association of *PIM2* upregulation with clinicopathological features in 134 HCC patients, HCC patients were divided into two groups with twofold increase as the cut-off line. The results showed that upregulation of *PIM2* was significantly correlated with vascular invasion (*P* = 0.025), recurrence (*P* = 0.014), and TNM stage (*P* = 0.013) (Supplemental Table [1](#MOESM1){ref-type="media"}). More importantly, upregulation of *PIM2* was significantly associated with shorter overall survival time (*P* = 0.007) (Fig. [1e](#Fig1){ref-type="fig"}) and shorter disease-free survival time (*P* = 0.013) of HCC patients (Fig. [1f](#Fig1){ref-type="fig"}) according to Kaplan--Meier analysis.

PIM2 has strong oncogenic potential in HCC {#Sec18}
------------------------------------------

To characterize the function of *PIM2* in HCC, *PIM2* was stably transduced into QSG7703 and BEL7402 cell lines, which had relative lower expression levels of PIM2 (Fig. [1d](#Fig1){ref-type="fig"}). Empty vector-transduced cells were used as controls. Successful ectopic expression of PIM2 was determined by qRT-PCR and western blotting (Fig. [2a](#Fig2){ref-type="fig"}). Functional assays were performed to characterize the tumorigenic potential of PIM2. Cell growth assay showed that compared with empty vector-transduced cells, cell growth rates of *PIM2*-transduced cells were significantly higher (Fig. [2b](#Fig2){ref-type="fig"}). And compared to the empty vector-transduced cells, more foci were yielded in *PIM2*-transduced cells in the foci formation assay (Fig. [2c](#Fig2){ref-type="fig"}). *PIM2* overexpression also dramatically enhanced HCC cells' anchorage-independent growth ability in soft agar (Fig. [2d](#Fig2){ref-type="fig"}).Fig. 2PIM2 overexpression enhanced HCC cells' tumorigenic ability.**a** Overexpression of PIM2 in HCC cell lines 7703 and 7402 was confirmed by qRT-PCR and by Western Blot. **b** Growth curves of *PIM2*-transfected and empty vector-transfected cells was detected by XTT cell proliferation assay. The results are expressed as mean ± SD of three independent experiments. \**p* \< 0.05, \*\*\**p* \< 0.001, independent Student's *t* test. **c** Representative images of foci formed by *PIM2* and empty vector transduced cells in monolayer culture. Quantitative analysis of the number of foci are listed in the right panel. Results are presented as mean ± SD of three independent experiments. \*\**p* \< 0.01, independent Student's *t* test. **d** Representative images of colonies formed by *PIM2*-transduced and empty vector-transduced cells in soft agar assay. Quantitative analysis of the number of colonies are listed in the right panel. Results are presented as mean ± SD of three independent experiments. \*\**p* \< 0.01, independent Student's *t* test. **e** Representative images of tumors formed in nude mice following injection of empty vector-transduced (left dorsal flanks) and PIM2-transduced (right dorsal flanks) cells. The average tumor volume at each time point was expressed as mean ± SD in six nude mice. \**p* \< 0.05, \*\**p* \< 0.01, independent Student's *t* test. **f** PIM2 overexpression promoted cycle progression. DNA content of 7703-VEC and 7703-PIM2 cells was analyzed by flow cytometry. Cell cycle synchronization was induced by treating cells with 400 μM [l]{.smallcaps}-Mimosine containing serum free medium for 24 h. To detect G1 to S phase transition, cells were stimulated with 10% FBS containing complete medium after cell cycle synchronization. Statistical results are expressed as mean ± SD of three independent experiments. \*\**p* \< 0.01, \*\*\**p* \< 0.001, independent Student's *t* test.

To assess the ability of PIM2 in affecting tumorigenic potential of HCC cells in vivo, 5 × 10^6^ empty vector-transduced and *PIM2*-transduced cells were subcutaneously injected into the left and right dorsal flanks of six nude mice, respectively. Xenograft tumors formed by injected HCC cells was monitored every week for total 5 weeks, then the mice were sacrificed and xenograft tumors were collected for further study. Compared with empty vector controls, tumors formed by *PIM2*-transduced QSG7703 and BEL7402 were significantly larger (*P* \< 0.05, student's *t* test, Fig. [2e](#Fig2){ref-type="fig"}).

Since the functional studies showed that PIM2 was able to regulate HCC cell proliferation, we further performed cell cycle analysis to investigate if PIM2 was involved in the regulation of cell cycle progression of HCC cells. To induce cell cycle synchronization, 7703-VEC and 7703-PIM2 cells were treated with 400 nM [l]{.smallcaps}-Mimosine containing serum-free medium for 24 h. Then, serum-free medium was replaced with 10% fetal bovine serum (FBS) containing fresh complete medium, cells were collected at the indicated time points after serum stimulation and cell cycle analysis was performed by flow cytometry. Compared with 7703-VEC, 7703-PIM2 cells had a higher percentage of S stage when cultured in 10% FBS containing medium. After cell cycle synchronization, G1 and S phases reached the similar percentages between 7703-PIM2 and 7703-VEC cells. However, the percentage of cells in S phase was significantly higher in 7703-PIM2 cells than that in 7703-VEC cells 6 h after serum stimulation (Fig. [2f](#Fig2){ref-type="fig"}).

PIM2 knockdown inhibited HCC cells' tumorigenic ability {#Sec19}
-------------------------------------------------------

To further confirm *PIM2*'s tumorigenic potential, we designed two shRNAs to specifically knockdown the expression level of PIM2. Effective knockdown of PIM2 at both mRNA and protein levels was confirmed by qRT-PCR and western blotting (Supplementary Fig. [S2A](#MOESM1){ref-type="media"}). PIM2 knockdown in HCC cells significantly slowed the cell proliferation rate (Supplementary Fig. [S2B](#MOESM1){ref-type="media"}) and foci formation frequency (Supplementary Fig. [S2C](#MOESM1){ref-type="media"}). PIM2 knockdown also dramatically attenuated HCC cells' anchorage-independent growth ability in soft agar (Supplementary Fig. [S2D](#MOESM1){ref-type="media"}).

To determine whether PIM2 knockdown could inhibit HCC cells' tumorigenic ability in vivo, shGFP-transduced and shPIM2-transduced HCC cells were subcutaneously injected into the left and right dorsal flanks of nude mice (*n* = 6), respectively. Tumor volumes of PLC8024 cells injected mice were monitored for 5 weeks, and tumor volumes of Huh7 cells injected mice were monitored for 6 weeks. Tumors formed by shGFP-transduced cells were significantly larger than those formed by shPIM2-transduced cells for both PLC8024 and Huh7 (Supplementary Fig. [S2E](#MOESM1){ref-type="media"}).

To further confirm PIM2's role in regulating cell cycle progression, we performed cell cycle analysis on shGFP-transduced and shPIM2-transduced PLC8024 cells. The percentage of S stage cells was significantly reduced in 8024-shPIM2 cells compared with 8024-shGFP cells when cultured in 10% FBS containing medium (Supplementary Fig. [S2F](#MOESM1){ref-type="media"}). Together, these results indicate that PIM2 could facilitate DNA synthesis and promote G1/S phase transition in HCC cells.

PIM2 regulates HCC cells' ability to tolerate chemotherapy {#Sec20}
----------------------------------------------------------

It has been reported that PIM2 could reverse growth factor depletion induced cell apoptosis through phosphorylating BAD^[@CR12]^. In this study, we investigated whether PIM2 overexpression could enhance HCC cells' ability to tolerate chemotherapy induced cell death. The survival index was measured by XTT cell survival assay. *PIM2*-transduced QSG7703 and BEL7402 cells have dramatically higher survival indexes than that of empty vector-transduced controls after exposure to different concentrations of Cisplatin or 5-FU for 48 h (Fig. [3a, b](#Fig3){ref-type="fig"}). Compared with 7703-VEC, flow cytometry analysis also showed a lower percentage of apoptotic cells in 7703-PIM2 treated by Cisplatin (2 µg/ml) and 5-FU (50 µg/ml) (Fig. [3c](#Fig3){ref-type="fig"}). Western Blot showed overexpression of PIM2 in 7703 cells attenuated the activation of apoptosis-associated proteins, such as cleaved PARP, Caspase 9, Caspase 8, and Caspase 3, stimulated by the treatment of different concentrations of Cisplatin (Fig. [3d](#Fig3){ref-type="fig"}). To further confirm PIM2's function in protecting HCC cells from chemotherapy induced apoptosis, the survival index of shGFP-transduced and shPIM2-transducd HCC cells was compared by XTT cell survival assay. Forty-eight hour after different concentrations of Cisplatin or 5-FU treatment, the survival indexes of shPIM2-transduced cells were significantly lower than that of shGFP-transduced PLC8024 and Huh7 cells (Fig. [3e, f](#Fig3){ref-type="fig"}).Fig. 3PIM2 overexpression enhanced HCC cells' ability to tolerate chemotherapy.**a** Forty-eight hour after the treatment of Cisplatin or 5-FU at indicated concentrations, cell viability of empty vector-transduced or PIM2-transduced QSG7703 cells was detected by XTT assay. **b** Cell viability of Cisplatin and 5-FU treated empty vector-transduced or PIM2-transduced BEL7402 cells detected by XTT assay. **c** Apoptosis induced by Cisplatin (2 µg/ml) and 5-FU (50 µg/ml) was compared between 7703-VEC and 7703-PIM2 cells by flow cytometry analysis. Annexin-V staining positive cells were counted as apoptotic cells. **d** Activation of apoptosis-associated proteins (cleaved PARP, Caspase 9, Caspase 8, and Caspase 3) in 7703-VEC and 7703-PIM2 cells was analyzed by Western Blot after treatment with different concentrations of Cisplatin for 48 h. β-actin was used as a loading control. **e** Forty-eight hour after the treatment of Cisplatin or 5-FU at indicated concentrations, cell viability of shGFP-transduced or shPIM2-transduced PLC8024 cells was detected by XTT cell viability assay. **f** Cell viability of Cisplatin and 5-FU treated shGFP-transduced or shPIM2-transduced Huh7 cells was detected by XTT cell viability assay. Results are presented as mean ± SD of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, independent Student's *t* test.

PIM2 regulates metastatic ability of HCC cells {#Sec21}
----------------------------------------------

According to the clinicopathological analysis, PIM2 upregulation was significantly associated with vascular invasion and recurrence in HCC patients (Supplementary Table [1](#MOESM1){ref-type="media"}). Interestingly, the expression of PIM2 is higher in two highly metastatic cell lines H2M and 97H than that in H2P and 97L, which have lower metastatic ability (Fig. [1d](#Fig1){ref-type="fig"}). These indicate that PIM2 may be correlated with metastatic ability of HCC cells. In this study, the role of PIM2 in regulating metastatic potential of HCC cells was evaluated through in vitro migration and invasion assay, as well as in vivo metastasis assay. Compared with empty vector control, PIM2 overexpression significantly increased HCC cells' migration and invasion ability of both QSG7703 and BEL7402 cells (Fig. [4a](#Fig4){ref-type="fig"}). More importantly, PIM2 overexpression dramatically enhanced BEL7402 cells' ability to metastasize to the liver in an in vivo metastasis model (Fig. [4b](#Fig4){ref-type="fig"}). Metastatic tumors in the livers were confirmed by H&E staining and IHC staining (Fig. [4c](#Fig4){ref-type="fig"}). The role of PIM2 in regulating HCC cells' metastatic ability was further confirmed by knockdown study. Compared with shGFP-transduced PLC8024 and Huh7 cells, shPIM2 transduction dramatically decreased their migration and invasion ability (Fig. [4d](#Fig4){ref-type="fig"}). Furthermore, PIM2 knockdown also decreased PLC8024 cell's ability to metastasize to the liver (Fig. [4e](#Fig4){ref-type="fig"}).Fig. 4PIM2 regulates metastatic ability of HCC cells.**a** The cell migration rate and invasion rate of QSG7703 cells and BEL7402 cells transduced with empty vector or PIM2 was compared. Migrated or invaded cells was photographed under the ×10 objective lens, and the number of migrated or invaded cells was counted in five fields. Scale bar represents 200 µm. \*\**p* \< 0.01, independent Student's *t* test. **b** In vivo metastatic ability of empty vector-transduced and PIM2-transduced 7402 cells was evaluated by a spleen injection model, 6 weeks after cells injection into spleens of SCID mice, livers were collected and metastatic nodules on the liver were quantified. \*\**p* \< 0.01, independent Student's *t* test. **c** Metastatic tumors identified by H&E staining and IHC staining (the expression of PIM2 expression). Scale bar represents 100 µm. **d** The cell migration rate and invasion rate of 8024-shGFP and 8024-shPIM2 cells, as well as Huh7-shGFP and Huh7-shPIM2 were compared. \*\**p* \< 0.01, \*\*\**p* \< 0.001, independent Student's *t* test. **e** In vivo metastatic ability of shGFP-transduced and shPIM2-transduced 8024 cells was evaluated by a spleen injection model. \*\*\**p* \< 0.001, independent Student's *t* test.

Ectopic expression of PIM2 activates NF-κB signaling pathway {#Sec22}
------------------------------------------------------------

Previous studies indicated that PIM2 was correlated with NF-κB signaling and pro-survival activity of PIM2 seemed to have been dependent on the activation of NF-κB signaling^[@CR15],[@CR16]^. To detect whether PIM2 could regulate the activity of NF-κB signaling pathway, luciferase reporter assay was applied. PIM2 overexpression upregulated luciferase activity of NF-κB signaling pathway in QSG7703 cells (Fig. [5a](#Fig5){ref-type="fig"}). Accordingly, PIM2 knockdown downregulated luciferase activity of NF-κB signaling pathway in PLC8024 cells (Fig. [5a](#Fig5){ref-type="fig"}).Fig. 5PIM2 overexpression activated NF-κB signaling pathway.**a** Relative NF-κB signaling pathway activity of empty vector-transfected and PIM2-transfected QSG7703 cells, and relative NF-κB signaling pathway activity of shGFP-transfected and shPIM2-transfected PLC8024 cells detected by luciferase reporter assay. The result is shown as mean ± SD of three independent experiments. \*\**p* \< 0.01, \*\*\**p* \< 0.001, independent Student's *t* test. **b** Immunofluorescence images of QSG7703 and BEL7402 cells transfected with Flag tagged PIM2 (indicated by red arrows) or their parental cells (indicated by white arrows). Cells were double stained with Flag antibody (red) and NF-κB (P65) antibody (green). Nuclei were labeled with DAPI (blue). Scale bar stands for 20 µm. **c** Expression of NF-κB (P65), p-NF-κB (p-P65), IκBα, p-IκBα, and NF-κB signaling pathway target genes, Survivin, CCND1, MMP9, VEGF, and HIF1α detected by Western Blot. β-Actin served as an internal control. V represents empty vector-transfected group and P represents PIM2-transfected group. **d** IHC images of paraffin sections from xenografts formed by 7703-VEC and 7703-PIM2 injection. Scale bar stands for 20 µm. **e** Relative expression level of RIPK2 in empty vector-transduced and PIM2-transduced 7703 and 7402 cells detected by qRT-PCR, and expression of RIPK2 and p-RIPK2 in empty vector-transduced and PIM2-transduced HCC cells detected by Western Blot. V represents empty vector-transduced group and P represents PIM2-transduced group. **f** Expression of RIPK2 and TNFα in shGFP-transduced and shRIPK2-transduced 7703-PIM2 cells detected by semiquantitative RT-PCR,18S rRNA was used as an internal control; and expression of TNFα in 7703-VEC, 7703-PIM2, 7703-PIM2-shRIPK2-1, and 7703-PIM2-shRIPK2-2 detected by flow cytometry.

In canonical NF-κB signaling pathway, NF-κB normally locates in the cytoplasm through interacting with IκB, when stimulated by various activators, IκB was phosphorylated by upstream kinases and then degraded by proteasome. When separated with IκB, NF-κB undergo post-transcriptional modifications and translocates from cytoplasm to nuclei and functions as transcription regulators by interacting with other co-factors. Hundreds of genes that have κB binding sites will be transcribed as a result of the activation of NF-κB signaling pathway, and the transcription of these genes could further regulate various physiological processes^[@CR17]^. Thus, a remarkable symbol of NF-κB signaling pathway activation is the trans-location of NF-κB (P65) from cytoplasm to nuclei. Here, Flag tagged *PIM2* was transiently transfected into HCC cells and double-label immunofluorescence was performed with anti-FLag and anti-NF-κB (P65) antibodies. We found that compared with nontransfected cells, in which NF-κB (P65) localized in the cytoplasm, transient expression of Flag tagged *PIM2* resulted in trans-location of NF-κB (P65) to the nuclei in both QSG7703 and BEL7402 cells (Fig. [5b](#Fig5){ref-type="fig"}). Western Blot analysis showed that PIM2 overexpression upregulated the expression of p-IκB and p-p65 as well as several targets of NF-κB signaling pathway, such as Survivin, CCND1, MMP9, VEGF, and HIF1α (Fig. [5c](#Fig5){ref-type="fig"}). A higher percentage of IHC staining of p-P65 was also observed in xenograft tumors formed by 7703-PIM2 than that formed by 7703-VEC cells (Fig. [5d](#Fig5){ref-type="fig"}). Abnormal angiogenesis is another symbol of NF-κB signaling pathway activation. In this study, we found xenograft tumors formed by 7703-PIM2 cells showed much more angiogenesis than those formed by 7703-VEC cells. IHC staining confirmed higher expression of CD31 and VEGF in xenograft tumors formed by 7703-PIM2 injection (Fig. [5d](#Fig5){ref-type="fig"}). Taken together, these data clearly indicate that PIM2 overexpression could directly activate NF-κB signaling pathway. Since *PIM2* encodes a serine/threonine kinase, the implementation of its biological functions largely depends on specific substrates phosphorylation. Given the existence of a conserved phosphorylation motif (RXXSXS) in receptor-interacting protein kinase (RIPK2) (Supplementary Fig. [3A](#MOESM1){ref-type="media"})^[@CR18]^, and RIPK2 was a well-known potent activator of NF-κB signaling pathway^[@CR19],[@CR20]^, we hypothesized that the activation of NF-κB signaling pathway by PIM2 overexpression may depend on RIPK2 phosphorylation.

In this study, we found ectopic expression of PIM2 in HCC cells did not significantly affect mRNA level or protein expression level of RIPK2 (Fig. [5e](#Fig5){ref-type="fig"}), however, PIM2 overexpression upregulated the phosphorylation level of RIPK2 compared to PIM2 knockdown and control cells in vivo (Fig. [5e](#Fig5){ref-type="fig"}, Supplementary Fig. [3B](#MOESM1){ref-type="media"}). Furthermore, kinase-Glo Luminescent kinase assay results indicated that PIM2 could phosphorylate RIPK2 as the increasing amount of PIM2 led to the decrease of ATP in kinase reaction (Supplementary Fig. [3C](#MOESM1){ref-type="media"}). Enhanced level of phosphorylated RIPK2 could be detected in reactions with higher PIM2 concentrations (Supplementary Fig. [3D](#MOESM1){ref-type="media"}). Then, to elucidate whether RIPK2 was responsible for PIM2 overexpression induced NF-κB signaling pathway activation, we designed shRNAs to specifically target RIPK2 in PIM2 overexpressed QSG7703 cells. By applying the expression of TNFα to indicate the activation status of NF-κB signaling pathway, we found that RIPK2 knockdown decreased the expression level of TNFα, which was confirmed by semiquantitative RT-PCR (Fig. [5f](#Fig5){ref-type="fig"}) and flow cytometry analysis (Fig. [5f](#Fig5){ref-type="fig"}). These results suggested that PIM2 overexpression induced NF-κB signaling pathway activation may depend on upregulation of phosphorylated RIPK2.

A positive-feedback loop between PIM2 and TNFα {#Sec23}
----------------------------------------------

In this study, upregulation of PIM2 was observed in more than 50% of HCC patients, we tried to investigate how the upregulation of PIM2 was achieved. Based on previous studies, the expression of PIM2 can be regulated by various cytokines, growth factors, and chemokines. Among these factors, we were particularly interested on TNFα, since most HCC patients in our study had chronic hepatitis history and TNFα is a well-known pro-inflammatory cytokine. Similar with previous report on lymphoma cells, TNFα treatment could upregulate the expression of PIM2 in a dose dependent manner on both QSG7703 and BEL7402 cells (Fig. [6a](#Fig6){ref-type="fig"}). Interestingly, we found that PIM2 overexpression could in turn upregulate the expression of TNFα (Fig. [6a](#Fig6){ref-type="fig"}). The correlation between the expression levels of PIM2 and TNFα was further investigated in HCC clinical samples by qRT-PCR. The result revealed a dramatic correlation between gene expression level of TNFα and PIM2 in HCC patients (Fig. [6b](#Fig6){ref-type="fig"}). These results demonstrated the existence of a positive correlation between PIM2 and TNFα, suggesting a feedback loop between these two factors. Interestingly, we found that compared with non-cirrhotic HCC patients, those with liver cirrhosis had a lower average ΔCt value of PIM2, which indicated a higher expression level of PIM2 in cirrhotic HCC patients. And we further divided cirrhotic HCC patients into mild, moderate, and severe group according to the severity of cirrhosis, and found that the average ΔCt value of PIM2 was gradually decreased as the severity of cirrhosis increased (Fig. [6c](#Fig6){ref-type="fig"}). These results indicate that PIM2's expression level positively correlated with severity of liver cirrhosis in HCC patients.Fig. 6A positive-feedback loop between PIM2 and TNFα.**a** The expression of PIM2 in different concentration of TNFα treated HCC cells detected by Western Blot, β-Actin served as an internal control. Expression of TNFα in empty vector-transduced and PIM2-transduced HCC cells detected by semiquantitative RT-PCR. V represents empty vector-transduced group and P represents PIM2-transduced group. **b** Relative expression level of PIM2 and TNFα was detected in 92 pairs of HCC tumor and nontumor samples by qRT-PCR. **c** Average ΔCt value of PIM2 in HCC patients without cirrhosis and with different degree of cirrhosis. \*\*\**p* \< 0.001, independent Student's *t* test. **d** AZD1208 treatment decreased growth rates of 8024 and Huh7 cells. \*\*\**p* \< 0.001, independent Student's *t* test. **e** AZD1208 treatment decreased PLC8024 and Huh7's ability to form foci in monolayer culture in a dose dependent manner. \*\**p* \< 0.01, \*\*\**p* \< 0.001, independent Student's *t* test. **f** Eighteen days after injection of PLC8024 cells in nude mice, oral administration of 25 mg/kg AZD1208 or vehicle control once 2 days was performed, tumors were monitored once every three days for total 15 days. *n* = 5 per group, \**p* \< 0.05, \*\**p* \< 0.01, independent Student's *t* test. **g** A schematic diagram illustrating the proposed TNFα/PIM2/NF-κB Signaling Axis in HCC progression.

PIM kinase inhibitor inhibits HCC cells' tumorigenic ability both in vitro and in vivo {#Sec24}
--------------------------------------------------------------------------------------

AZD1208, a potent inhibitor of PIM kinase, has been reported effective in attenuating tumorigenic ability of many human malignancies, including non-Hodgkin lymphoma^[@CR21]^, acute myeloid leukemia^[@CR22]^, and prostate cancer^[@CR23]^. In this study, we tested whether AZD1208 was effective in impairing HCC cells' tumorigenic ability. Compared with vehicle control, AZD1208 treatment dramatically decreased 8024 and Huh7 cells' growth rates (Fig. [6d](#Fig6){ref-type="fig"}) and their abilities to form foci in monolayer culture in a dose-dependent manner (Fig. [6e](#Fig6){ref-type="fig"}). More importantly, compared with vehicle control, 25 mg/kg AZD1208 treatment significantly inhibited the growth of xenograft tumors in nude mice (Fig. [6f](#Fig6){ref-type="fig"}). These results suggested that PIM kinase inhibition may serve as a therapeutic target in the treatment of HCC.

Discussion {#Sec25}
==========

Up to 20% human malignancies are developed from chronic inflammation, HCC is the case. Hepatitis B and/or C virus infection caused chronic inflammation and liver cirrhosis is the most important risk factor for developing HCC. It has been demonstrated that TNFα and IL-6 played pivotal roles in inflammation induced HCC incidence^[@CR9]^ and multiple studies showed that the expression of PIM2 could be regulated by various growth factors and cell cytokines^[@CR10]--[@CR12]^. For example, the expression of PIM2 in multiple myeloma cells could be regulated by IL-6 and TNF family cytokines, TNFα, BAFF, and APRIL. Interestingly, IL-6 could cooperate with TNFα in inducing upregulation of PIM2 expression^[@CR10]^. These studies indicate that PIM2 may play an important role in inflammation induced carcinogenesis.

Abnormal expression of PIM kinases had been observed in many kinds of human cancers. Previous studies on PIM2 indicated that it played multiple roles in regulating malignant phenotypes of cancer cells. For example, PIM2 could inhibit apoptosis of cancer cells through activating API-5^[@CR24]^, or through phosphorylating BAD on Serine 112^[@CR25]^; PIM2 is required for cell growth and proliferation of multiple myeloma^[@CR26],[@CR27]^; and PIM2 was found to be upregulated by the treatment of cisplatin and limited its efficacy in ovarian cancer cells^[@CR28]^. In this study, we found that up-regulation of PIM2 played multiple roles in the development and progression of HCC. Generally, PIM2 up-regulation enhanced HCC cells' ability to proliferate and to tolerate apoptosis through elevating the expression of CCND1 and Survivin, these are important for the initial stage of HCC tumorigenesis; PIM2 overexpression upregulated HIF1α and VEGF and enhanced angiogenesis, a rate limiting factor of HCC progression, which is critical for the progression of HCC; furthermore, PIM2 upregulation could elevate the expression of MMP9 and enhance HCC cells' metastatic ability, which is pivotal for the development of advanced stage HCC.

The relationship between PIM2 and NF-κB signaling pathway was obscure, although there was report about simultaneous alteration of PIM2 and NF-κB genes' expression levels^[@CR24],[@CR29]^. Some studies indicated that PIM2 was a downstream target of NF-κB signaling^[@CR30]^, while others showed that PIM2 worked upstream of NF-κB signaling^[@CR31]^. Here, we found that the expression of PIM2 in HCC cells could be upregulated by the stimulation of TNFα, and ectopic expression of PIM2 in HCC cells could in turn upregulate the expression of TNFα. This indicates the existence of a feedback loop between PIM2 and NF-κB signaling. Notably, it has been reported that a positive feedback loop between NF-κB and TNFα promoted acute myeloid leukemia-initiating cell capability^[@CR32]^. These kinds of feedback loops between NF-κB signaling and its upstream stimulators or downstream targets maybe ubiquitously existed, and played important roles in tumor initiation and progression of various kinds of cancers. In this study, we identified RIPK2 as a potential target responsible for PIM2 overexpression induced NF-κB signaling pathway activation. Besides p-RIPK2, upregulation of p-FAK, p-MEK1/2 and p-ERK were also found in PIM2 transfected HCC cells (data not shown). As a serine/threonine kinase, PIM2 may exert extensive biological functions through phosphorylating many kinds of specific substrates, which ultimately induced malignant phenotypes of HCC (Fig. [6g](#Fig6){ref-type="fig"}).
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Taken together, our study revealed a novel mechanism underlying HCC incidence and progression, and this is very likely an early event in inflammation induced HCC tumorigenesis. Apart from the oncogenic function of PIM2 in HCC, we found that the expression level of PIM2 correlates with severity of liver cirrhosis in HCC patients. This indicates that the feedback loop between PIM2 and TNFα maybe a driven force between chronic liver inflammation and cirrhosis. It will be interesting to study the role of PIM2 in the progression of liver cirrhosis on transgenic mouse in the future. More importantly, PIM kinase inhibitor showed effective in attenuating HCC cells' tumorigenic ability, and PIM kinases may serve as novel therapeutic targets in HCC patients.
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Supplementary Figure 1. PIM2 expression in HCC clinical samples.
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Supplementary Figure 2. PIM2 knockdown attenuated HCC cells' tumorigenic ability.
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Supplementary Figure 3. PIM2 can phosphorylate RIPK2 in vitro and vivo.
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